Summary: Several kinds of food have been shown to influence the absorption and metabolism of drugs, although there is little information about their effect on the renal excretion of drugs. In this study, we performed uptake experiments using Xenopus laevis oocytes to assess the inhibitory effects of chlorogenic acid, caffeic acid and quinic acid, which are contained in coffee, fruits and vegetables, on human organic anion transporters hOAT1 and hOAT3; these transporters mediate renal tubular uptake of anionic drugs from blood. Injection of hOAT1 and hOAT3 cRNA into oocytes stimulated uptake of typical substrates of hOAT1 and hOAT3 (p-aminohippurate and estrone sulfate, respectively); among the three compounds tested, caffeic acid most strongly inhibited these transporters. The apparent 50% inhibitory concentrations of caffeic acid were estimated to be 16.6 µM for hOAT1 and 5.4 µM for hOAT3. Eadie-Hofstee plot analysis showed that caffeic acid inhibited both transporters in a competitive manner. In addition to the transport of p-aminohippurate and estrone sulfate, that of antifolates and antivirals was inhibited by caffeic acid. These findings show that caffeic acid has inhibitory potential against hOAT1 and hOAT3, suggesting that renal excretion of their substrates could be affected in patients consuming a diet including caffeic acid.
Introduction
In the renal proximal tubule, organic anion transporters mediate the tubular secretion of various drugs, including antibiotics, antivirals, antitumor agents and diuretics, and contribute to the regulation of their blood concentrations. 1¥ In particular, human organic anion transporters hOAT1 ¤SLC22A6¥ and hOAT3 ¤SLC22A8¥, expressed in the basolateral membrane of proximal epithelial cells, are thought to play the main roles in the tubular uptake of these compounds from blood. 1¥ Accordingly, simultaneous administration of a drug that inhibits hOAT1 and hOAT3 and their substrate drugs would result in drug®drug interaction. For instance, it is well known that probenecid, a typical inhibitor of renal organic anion transporters, elevates blood levels of cephalosporins, and it is accepted that hOAT3 is involved in this drug®drug interaction.
2,3¥
Among the drug®drug interactions that are mediated by renal organic anion transporters, the combination of antifolate methotrexate and nonsteroidal anti-inflammatory drugs ¤NSAIDs¥ is one of the most serious, because this interaction may cause severe toxicity or death when highdose methotrexate is used to treat malignancies. 4¥ This is considered to be attributable to the inhibition by NSAIDs of hOAT1-and hOAT3-mediated uptake of methotrexate.
5®7¥
On the other hand, probenecid is co-administered with the antiviral cidofovir to prevent the nephrotoxicity induced by hOAT1-mediated uptake of the antiviral. 8¥ Therefore, inhibition of hOAT1 and hOAT3 is sometimes useful and sometimes unfavorable.
Since grapefruit juice was reported to increase the bioavailability of felodipine, attention has been paid to food®drug interactions. 9¥ Subsequently, several types of food®drug interaction have been demonstrated, and their mechanisms have been elucidated at the molecular level.
10,11¥
Although many ingredients of food and herbs have been shown to interact with drug transporters in the small intestine and with drug metabolic enzymes in the small intestine and liver, there is little information on food®drug interactions via hOAT1 and hOAT3. So far, only ellagic acid and flavonoids have been reported to interact with the transporters.
The purpose of the present study was to examine the inhibitory effects of chlorogenic acid, caffeic acid and quinic acid on hOAT1 and hOAT3 by performing uptake experiments using Xenopus laevis oocytes and to evaluate the clinical significance of these effects. Chlorogenic acid is contained in fruits and vegetables, but coffee is its major source in the human diet. 14¥ Coffee has been shown to decrease the risk of diabetes, hepatocellular carcinoma and hypertension, and antioxidant chlorogenic acid is thought to contribute to these effects.
15,16¥ As illustrated in Figure 1 , chlorogenic acid is an ester formed between caffeic acid and quinic acid. Chlorogenic acid is absorbed as an intact molecule, and as caffeic acid and quinic acid after hydrolysis in the gastrointestinal tract. 17¥ Caffeic acid is also reported to have biological effects, including antitumor, antimetastatic, antioxidant, antihyperglycemic and anti-inflammatory properties. 18®20¥ The findings obtained from this study suggest the possibility of a novel food®drug interaction. Uptake experiment using Xenopus laevis oocytes expressing hOAT1 or hOAT3: pBK-CMV plasmid vectors containing cDNA of hOAT1 or hOAT3 were a kind gift from Prof. Ken-ichi Inui ¤Kyoto University Hospital, Kyoto, Japan¥. An uptake experiment using Xenopus laevis oocytes was performed as previously reported. 21¥ Briefly, capped RNA encoding hOAT1 or hOAT3 was transcribed from XbaI-linearized pBK-CMV containing hOAT1 or hOAT3, respectively, with T3 RNA polymerase. After 50 nl water or cRNA ¤25 ng¥ was injected into defolliculated oocytes, the oocytes were maintained in modified Barthös medium ¤88 mM NaCl, 1 mM KCl, 0.33 mM Ca¤NO 3 ¥ 2 , 0.4 mM CaCl 2 , 0.8 mM MgSO 4 , 2.4 mM NaHCO 3 and 5 mM HEPES; pH 7.4¥ containing 50 mg/l gentamicin at 18ôC. Two or three days after injection, the uptake reaction was initiated by incubating the oocytes in 500 µl uptake buffer ¤96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 and 5 mM HEPES; pH 7.4¥ with each radiolabeled compound at room temperature in the absence or presence of chlorogenic acid, caffeic acid or quinic acid for the indicated periods. The uptake reaction was terminated by adding 2 ml ice-cold uptake buffer to each well, and the oocytes were washed three times with 2 ml ice-cold buffer. After washing, each oocyte was transferred to a scintillationcounting vial and solubilized in 150 µl of 10% sodium lauryl sulfate. Two milliliters of scintillation cocktail Clearsol II ¤Nacalai Tesque, Kyoto, Japan¥ were added to each solubilized oocyte, and radioactivity was determined using a liquid scintillation counter. We performed the same uptake experiments at least two times; typical results from each experiment are presented in the Tables and Figs. Kinetic analysis: The apparent 50% inhibitory concentrations ¤IC 50 ¥ of caffeic acid for hOAT1 and hOAT3 were estimated by non-linear least-squares regression analysis of the competition curve with a one-compartment model according to the following equation: A © 100 ' IC 50 /¤IC 50 ¦ ªI«¥ ¦ B, where A is the uptake amount of p-aminohippurate or estrone sulfate ¤% of control¥, ªI« is the concentration of caffeic acid and B is the non-specific organic anion uptake ¤% of control¥.
Materials and Methods

Materials
The kinetic parameters of p-aminohippurate transport by hOAT1 and of estrone sulfate transport by hOAT3 were calculated using non-linear least-squares regression analysis Effect of pretreatment with caffeic acid on hOAT1 and hOAT3: The oocytes injected with hOAT1 or hOAT3 cRNA were preincubated in 500 µl of uptake buffer with or without 100 µM caffeic acid for 30 min. After they were washed three times with 2 ml uptake buffer at room temperature, the oocytes were incubated with p-aminohippurate or estrone sulfate, and their accumulation was determined.
Statistical analysis: Data were analyzed by the unpaired t-test or one-way analysis of variance followed by Dunnettös test using GraphPad Prism, version 5.0 ¤GraphPad Software, San Diego, CA, USA¥. Differences were considered significant at P g 0.05.
Results
Time-dependent uptake of p-aminohippurate by hOAT1 and of estrone sulfate by hOAT3 and the effect of caffeic acid: First, to investigate the influence of caffeic acid on hOAT1 and hOAT3, we measured the accumulation of their typical substrates p-aminohippurate and estrone sulfate, respectively, in oocytes with or without caffeic acid. As shown in Figure 2A , injection of hOAT1 cRNA increased the uptake of p-aminohippurate into the oocytes, and the uptake amounts elevated time dependently. In the presence of 100 µM caffeic acid, the accumulation of p-aminohippurate in oocytes expressing hOAT1 was reduced to that of water-injected oocytes. In the case of hOAT3, its expression stimulated uptake of estrone sulfate, and caffeic acid also strongly inhibited the transport ¤Fig. 2B¥. These findings show that caffeic acid has inhibitory effects on hOAT1 and hOAT3.
Effects of chlorogenic acid and quinic acid on uptake of p-aminohippurate by hOAT1 and of estrone sulfate by hOAT3: Next, we evaluated the inhibitory effects of 100 µM chlorogenic acid and quinic acid on hOAT1 and hOAT3, and compared the effects with those of caffeic acid. As shown in Figures 3A and 3B, no effect of chlorogenic acid on hOAT1 was detected, but it inhibited hOAT3 significantly. The uptake amounts of estrone sulfate in hOAT3-expressing oocytes with caffeic acid were lower than with chlorogenic acid. No influence of quinic acid on hOAT1 or hOAT3 was observed. These data indicate that the inhibitory effects of chlorogenic acid and quinic acid on hOAT1 and hOAT3 are weaker than those of caffeic acid.
Concentration dependence of inhibitory effect of caffeic acid on hOAT1 and hOAT3: To estimate the IC 50 values of caffeic acid for hOAT1 and hOAT3, the dose dependence of the inhibitory effect was investigated. As illustrated in Figures 4A and 4B , caffeic acid inhibited the transport of p-aminohippurate by hOAT1 and of estrone sulfate by hOAT3 dose dependently. Complete inhibition by caffeic acid was recognized at 1 mM. The apparent IC 50 values were 16.6 + 3.7 µM for hOAT1 and 5.4 + 1.3 µM for hOAT3 ¤mean + S.E.M. from three independent experiments¥.
Manner of inhibition of hOAT1 and hOAT3 by caffeic acid: To elucidate the mode of inhibition of hOAT1 and hOAT3 by caffeic acid, Eadie-Hofstee plot analysis was performed, and typical results are shown in p-aminohippurate transport by hOAT1 from 4.7 + 0.4 µM to 16.3 + 2.1 µM ¤mean + S.E.M. from three separate experiments, P © 0.0053¥, and the V max values were calculated to be 22.5 + 3.6 pmol/oocyte/h and 16.4 + 2.3 pmol/oocyte/h in the absence or presence of caffeic acid, respectively, with no statistical difference recognized between these values ¤P © 0.2275¥. The slope of the EadieHofstee plots for p-aminohippurate transport by hOAT1 was markedly affected ¤Fig. 5B¥.
The result for hOAT3 showed a similar tendency to that for hOAT1. The slope of the Eadie-Hofstee plot for the hOAT3-mediated transport of estrone sulfate was also influenced by caffeic acid ¤Fig. 5D¥. The K m values were estimated to be 3.4 + 0.7 µM and 9.9 + 2.0 µM ¤mean + S.E.M. from three separate experiments¥ in the absence or presence of caffeic acid, respectively, and the difference was statistically significant ¤P © 0.0413¥, whilst no significant change in the V max values was observed ¤without caffeic acid, 5.3 + 1.7 pmol/oocyte/h; with caffeic acid, 4.7 + 1.5 pmol/oocyte/h; P © 0.7858¥. These findings imply that caffeic acid inhibited hOAT1 and hOAT3 in a competitive manner. Effect of pretreatment with caffeic acid on hOAT1 and hOAT3: Next, to investigate whether the inhibitory effect of caffeic acid on hOAT1 and hOAT3 is reversible, oocytes expressing hOAT1 or hOAT3 were preincubated with 100 µM caffeic acid for 30 min before incubation with p-aminohippurate or estrone sulfate, respectively. As shown in Table 1 , the preincubation with caffeic acid did not influence p-aminohippurate transport by hOAT1. Also, in hOAT3, the effect on estrone sulfate uptake was not statistically recognized ¤Table 2¥. These findings suggest that inhibitory effect of caffeic acid on the transporters is reversible.
Effect of caffeic acid on transport of antifolates and antivirals by hOAT1 and hOAT3: Finally, we examined the inhibitory effects of caffeic acid on the transport of other drugs by hOAT1 and hOAT3. As shown in Table 3 , injection of hOAT1 cRNA into oocytes stimulated the uptake of methotrexate, aminopterin, acyclovir and penciclovir, and 30 µM caffeic acid strongly and significantly reduced this transport. In addition, a decrease of the hOAT3-mediated uptake of penciclovir and methotrexate was also statistically recognized in the presence of caffeic acid ¤Table 4¥. Marked transport of aminopterin and acyclovir by hOAT3 was not observed ¤data not shown¥. These findings show that caffeic acid inhibited the transport of antifolates and antivirals by hOAT1 and hOAT3.
Discussion
The transport of substances by hOAT1 and hOAT3 in the kidney plays pharmacokinetic, pharmacological, physiological, toxicological and pathophysiological roles. Accordingly, identification of their inhibitors is useful in establishing optimal drug therapy and development of new agents. So far, the inhibitory characteristics of drugs toward hOAT1 and hOAT3 have been widely examined, but few reports have shown the regulation of these transporters by substances in the diet. At present, many food ingredients are commercially available, and it is possible to extract the factors responsible for food®drug interactions from in vitro experiments. In this study, we discovered that caffeic acid, which is contained in coffee, fruits and vegetables, strongly inhibited hOAT1 and hOAT3, and this inhibition was characterized. These transporters are considered to mediate renal tubular uptake of various drugs from blood, 1¥ and we showed that the transport of antifolates and antivirals by hOAT1 and hOAT3 was inhibited by caffeic acid ¤Tables 3 and 4¥. It is thought that the inhibition of hOAT1 and hOAT3 by caffeic acid could be a novel candidate for food® drug interactions. Taken together, the results of the present study with those of experiments using renal slices or in vivo study might yield useful information to attenuate the cytotoxicity of antifolates and antivirals.
Recently, the International Transporter Consortium proposed that a clinical trial of the interactions between a substrate and an inhibitor of a transporter is necessary when the value of the unbound maximum plasma concentration of the inhibitor divided by its IC 50 is ;0.1. 22¥ On the plasma levels of caffeic acid, Kempf et al. reported that the median value was 38.3 µM when drinking four cups of coffee a day for 1 month, and that the concentration reached more than 100 µM in one-fourth of the participants drinking eight cups. 23¥ The protein binding ratio of caffeic acid was estimated to be 66%. 24¥ Accordingly, it is supposed that the unbound plasma concentration of caffeic acid would be above 10 µM in most participants who had more than four cups of coffee a day. Taken together with Figure 4 , it is suggested that moderate to strong inhibition of hOAT1 and hOAT3 would occur in the presence of caffeic acid at Oocytes injected with hOAT1 cRNA were preincubated in uptake buffer in the absence or presence of 100 µM caffeic acid. After the oocytes were washed 3 times with 2 ml of uptake buffer at room temperature, they were incubated with 221 nM ª 3 H«p-aminohippurate for 1 h. The uptake amounts of ª 3 H«p-aminohippurate in each oocyte were determined. Each value represents the mean + S.E.M. of 8 to 10 oocytes. Oocytes injected with hOAT3 cRNA were preincubated in uptake buffer in the absence or presence of 100 µM caffeic acid. After the oocytes were washed 3 times with 2 ml of uptake buffer at room temperature, they were incubated with 17.5 nM ª 3 H«estrone sulfate for 1 h. The uptake amounts of ª 3 H«estrone sulfate in each oocyte were determined. Each value represents the mean + S.E.M. of 8 to 10 oocytes. H«penciclovir for 1 h. hOAT1 cRNA-injected oocytes were incubated with these radiolabeled compounds in the absence ¤control¥ or presence of 30 µM caffeic acid for 1 h. The uptake amounts of the radiolabeled compounds in each oocyte were determined. Each value represents the mean + S.E.M. of 8 to 10 oocytes. ***P g 0.001, significantly different from the control values. H«penciclovir for 1 h. hOAT3 cRNA-injected oocytes were incubated with these radiolabeled compounds in the absence ¤control¥ or presence of 30 µM caffeic acid for 1 h. The uptake amounts of the radiolabeled compounds in each oocyte were determined. Each value represents the mean + S.E.M. of 8 to 10 oocytes. ***P g 0.001, significantly different from the control values.
this level, and this fulfills the condition proposed by the International Transporter Consortium. However, Renouf et al. showed that the total plasma concentration of caffeic acid was less than 100 nM after drinking 4 g instant coffee soluble in 400 ml water, 25¥ meaning that this range is much lower than the inhibitory levels of hOAT1 and hOAT3. From the point of the interaction between caffeic acid and substrates of hOAT1 and hOAT3, the difference between the two reports is very interesting. Kempf et al. put forward the duration of the coffee intake as a cause of the high plasma levels of caffeic acid in their report. 23¥ It is speculated that the brand of coffee may also be a reason for the difference. Elucidation of the relationship between coffee consumption and plasma levels of caffeic acid is desired to assess its effects on the pharmacokinetics of drugs transported by hOAT1 and hOAT3. Unfortunately, to our knowledge there are no reports describing the interaction of substrate drugs of hOAT1 and hOAT3 with caffeic acid or with coffee. We hope that the results of this current report will encourage research to investigate such potential interactions.
One of the unique findings in this study is the relationship between the inhibitory effects of caffeic acid, chlorogenic acid and quinic acid on hOATs, and their structures. As shown in Figure 3 , 100 µM caffeic acid strongly inhibited hOAT1 and hOAT3; however, inhibition of hOAT1 and hOAT3 by quinic acid was not observed. Chlorogenic acid moderately inhibited hOAT3, but no effect on hOAT1 was found. These findings imply that the inhibitory effects of chlorogenic acid and quinic acid on the transporters are weaker than those of caffeic acid. It is interesting to compare these results with findings for NSAIDs. Most NSAIDs strongly inhibited hOAT1 and hOAT3, with IC 50 values or K i values of less than 20 µM; NSAIDs also possess a carboxyl group, a typical anionic moiety.
7,26¥ The obtained IC 50 values of caffeic acid against hOAT1 and hOAT3 are comparable to those of NSAIDs. NSAIDs have a methylene group or a methine group between the benzene ring and the carboxyl group; however, caffeic acid has a vinylene group ¤Fig. 1¥. The K i values of salicylate were reported to be 407 µM for hOAT1 and 111 µM for hOAT3, meaning that its inhibitory effect is weaker than those of other NSAIDs. 7¥ Salicylate also has a carboxyl group, but it directly binds to the benzene ring. In quinic acid and chlorogenic acid, direct binding of the carboxyl group and the six-membered ring is also observed ¤Fig. 1¥. From these findings, it is speculated that the distance between a carboxyl group and a six-membered ring, including the benzene ring, may influence the recognition of compounds by hOAT1 and hOAT3.
Previously, the transport of antivirals, including acyclovir, zidovudine, adefovir, cidofovir and tenofovir, by hOAT1 and hOAT3 was reported.
8,27,28¥ The present study added an investigation on the transport of penciclovir, which is effective against varicella zoster virus; penciclovir is the active metabolite of famciclovir and is mainly excreted into urine. Its renal clearance was estimated to be 25 to 30 L/h, indicating its tubular secretion. 29¥ Furthermore, probenecid, a representative inhibitor of renal organic anion transporters, is included in the drug-interaction list on the package insert for famciclovir. Therefore, we had expected the uptake of penciclovir by hOAT1 and/or hOAT3. The obtained results indicate that both hOAT1 and hOAT3 mediated the transport of penciclovir ¤Tables 3 and 4¥. To our knowledge, this is the first report showing that hOAT1 and hOAT3 recognize penciclovir as a substrate; their contribution to the renal handling of penciclovir might be elucidated by experiments using renal slices or in vivo pharmacokinetic studies with knockout mouse.
In conclusion, this study shows that caffeic acid inhibited hOAT1 and hOAT3. Accordingly, interaction between caffeic acid and the substrates of hOAT1 and hOAT3 is possible. Because caffeic acid is contained in coffee, fruits and vegetables, the obtained findings suggest a novel combination for food®drug interactions. The clinical significance of this interaction depends on the plasma level of caffeic acid, and one report showed that its blood concentration reached the inhibitory range of hOAT1 and hOAT3;
23¥ however, another report described a very low concentration.
25¥
Because hOAT1 and hOAT3 play important roles in the renal excretion of anionic drugs, further investigation of the plasma level of caffeic acid is desired.
